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SUMMARY 
A j o i n t  h e l i c o p t e r  t ransmiss ion  research  program between NASA Lewis 
Research Center and t h e  U.S. Army A v i a t i o n  Systems Command has e x i s t e d  s i n c e  
1970. Program goals  a r e  to  reduce weight and n o i s e  and t o  i n c r e a s e  l i f e  and 
r e l i a b i l i t y .  Th is  r e p o r t  rev iews s i g n i f i c a n t  advavces i n  techno logy  for  gears 
and t ransmiss ions  and desc r ibes  t h e  exper imenta l  f a c i l i t i e s  a t  NASA Lewis f o r  
h e l i c o p t e r  t r a n s m i s s i o n  t e s t i n g .  A d e s c r i p t i o n  o f  each o f  t h e  r i g s  i s  pre-  
sented a long  w i t h  some s i g n i f i c a n t  r e s u l t s  f r o m  t h e  exper iments.  
INTRODUCTION 
NASA Lewis Research Center has had a research  program f o r  a i r c r a f t  mechan- 
i c a l  components s ince  t h e  e a r l y  1940's .  
t echno logy  for t u r b i n e  engine a p p l i c a t i o n  was b u i l t  up d u r i n g  t h e  1950 's  and 
1960's .  S ince many high-bypass t u r b i n e  engines have a geared fan, NASA Lewis 
began a technology program for gear m a t e r i a l s  endurance i n  1969. Meanwhile, 
d u r i n g  the  p e r i o d  from the  l a t e  1940's t o  the 1960 's ,  t he  h e l i c o p t e r  came i n t o  
wide use as an Army a i r  m o b i l e  v e h i c l e .  I n  1970 t h e  common i n t e r e s t  of t h e  
Army and NASA Lewis was recogn ized .  The Army had a wide spectrum of  h e l i c o p -  
t e r s  i n  i t s  i n v e n t o r y  and needed t o  i nc rease  t h e i r  performance: NASA Lewis had 
e s t a b l i s h e d  mechanical component research t h a t  c o u l d  be a p p l i e d  t o  h e l i c o p t e r  
t r a n s m i s s i o n s .  A j o i n t  program was undertaken i n  1970. 
A program f o r  r o l l i n g  element b e a r i n g  
The major  goals  o f  t h i s  program a r e  t o  inc rease  t h e  l i f e ,  r e l i a b i l i t y ,  
and m a i n t a i n a b i l i t y ;  reduce t h e  weight,  no i se ,  and v i b r a t i o n ;  and m a i n t a i n  t h e  
r e l a t i v e l y  h i g h  mechanical e f f i c i e n c y  of t h e  gear t r a i n  i n  n e l i c o p t e r  t ransmis -  
s ions .  The approach i s  t o  i d e n t i f y  advanced m a t e r i a l s  and l u b r i c a t i o n  schemes, 
as w e l l  as advanced des ign  concepts for b o t h  t r a n s m i s s i o n  components and t o t a l  
t r a n s m i s s i o n  s y s t e m s .  I n  a d d i t i o n ,  in-house and u n i v e r s i t y  g r a n t  e f f o r t s  a r e  
deve lop ing  a n a l y t i c a l  codes f o r  a n a l y s i s  and des ign .  Unique exper imen ta l  t e s t -  
i n g  f a c i l i t i e s  now e x i s t  a t  NASA Lewis for t e s t i n g  mechanical  components, 
m a t e r i a l s ,  and l u b r i c a t i o n  techn iques ,  as we1 1 as demonst ra t ing  advanced 
des ign  concepts and v e r i f y i n g  a n a l y t i c a l  codes. 
NASAIArmy  work on h e l i c o p t e r  t ransmiss ion  techno logy .  The major  advances i n  
techno logy  f o r  gears and t ransmiss ions  a re  d iscussed,  and t h e  t e s t  r i g s  t h a t  
a re  used t o  conduct exper imenta l  research  a re  desc r ibed  i n  t h e  appendix .  
Th i s  r e p o r t  rev iews and summarizes t h e  m o s t  s i g n i f i c a n t  r e s u l t s  o f  t h e  
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Transmiss ion Data Base E s t a b l i s h e d  
An ex tens i ve  d a t a  base was e s t a b l i s h e d  for two s i z e s  o f  h e l i c o p t e r  t r a n s -  
The 3000-hp s tand (see appendix)  was used t o  t e s t  t h e  UH-60A ( B l a c k  miss ions .  
Hawk) h e l i c o p t e r  t ransmiss ion .  The t r a n s m i s s i o n  ( f i g .  1 )  i s  r a t e d  a t  2110 kW 
(2828 hp) a t  an ou tpu t  speed o f  258 rpm, and t h e  t r a n s m i s s i o n  o v e r a l l  r e d u c t i o n  
r a t i o  i s  81.042: l .  E f f i c i e n c y ,  v i b r a t i o n ,  and gear t o o t h  s t r a i n  d a t a  were 
taken ( r e f .  1 ) .  The t r a n s m i s s i o n ' s  mechanical e f f i c i e n c y  a t  f u l l  power was 
97.3 and 97.5 percent a t  i n l e t  o i l  temperatures o f  82 and 99 "C (180 and 
210 O F ) ,  r e s p e c t i v e l y .  
hous ing  s i d e  w a l l .  
b i n i n g  p i n i o n  f i l l e t .  
p r e s e n t l y  be ing  analyzed. 
o f  i n p u t  power, r o t o r  speed, and o i l  i n l e t  tempera ture .  The i n f o r m a t i o n  from 
t h i s  d a t a  base i s  be ing  compared w i t h  computer code p r e d i c t i o n s  t o  p r o v i d e  a 
b a s e l i n e  from which t o  assess f u t u r e  des igns and concepts.  
The h i g h e s t  v i b r a t i o n  r e a d i n g  was 729 r m s  a t  t h e  upper 
The l a r g e s t  s t r e s s  found was 760 MPa (110 ks i )  on t h e  com- 
Temperature and d e f l e c t i o n  d a t a  were a l s o  taken and a r e  
F igu re  2 shows the  measured e f f i c i e n c y  as a f u n c t i o n  
I n f o r m a t i o n  o f  a s i m i l a r  na tu re  and purpose was c o l l e c t e d  for  the  OH-58 
The 
t ransmiss ion  us ing  the  500-hp t e s t  stand. The OH-58 t r a n s m i s s i o n  ( f i g .  3) i s  
a two-stage r e d u c t i o n  gearbox w i t h  a s i n g l e  s p i r a l  beve l  mesh as t h e  f i r s t  
stage and a th ree -p lane t ,  f i x e d - r i n g  gear p l a n e t a r y  mesh as the  second. 
o v e r a l l  r e d u c t i o n  r a t i o  o f  the  t ransmiss ion  i s  17 .44 : l .  The t r a n s m i s s i o n  
i n p u t  i s  r a t e d  for use for an engine o u t p u t  o f  201 kW (270 hp) cont inuous  
power a t  6180 rpm and 236 kW (317 hp) for  5 min a t  t a k e o f f .  
l e c t e d  f o r  beve l -p in ion  gear t o o t h  s t r a i n  measurements, bevel  gear d e f l e c t i o n s ,  
component temperatures (bea r ings ,  gears,  sea ls ,  and o i l ) ,  v i b r a t i o n s ,  and 
t ransmiss ion  mechanical e f f i c i e n c i e s .  The t e s t i n g  c o n s i s t e d  o f  a m a t r i x  o f  
speed and l o a d  cond i t i ons .  
Data were col- 
The mechanical e f f i c i e n c y  was determined by measur ing the  hea t  g e n e r a t i o n  
due to  mechanical l osses .  O v e r a l l  t r ansmiss ion  e f f i c i e n c y  v a r i e d  from about  
98.3 t o  98.8 percent  a t  f u l l  speed and l o a d  c o n d i t i o n s  and was a f u n c t i o n  of 
l u b r i c a n t  t ype  and l u b r i c a n t  temperature.  A reasonab le  c o r r e l a t i o n  of e f f i -  
c i ency  w i t h  l u b r i c a n t  v i s c o s i t y  was made when t h e  v i s c o s i t i e s  were c o r r e c t e d  
for temperature and pressure  e f f e c t s  i n  t h e  l u b r i c a t e d  c o n t a c t  ( r e f .  2 ) .  
V i b r a t i o n  s igna ls  from accelerometers mounted a t  v a r i o u s  l o c a t i o n s  on t h e  
t ransmiss ion  housing were analyzed. The s p e c t r a  showed v i b r a t i o n  amp l i t ude  
peaks o c c u r r i n g  a t  t h e  s p i r a l  bevel  gear mesh harmonics and p l a n e t a r y  gear mesh 
harmonics ( f i g .  4 ) .  The h i g h e s t  magnitude of v i b r a t i o n  was a t  t h e  s p i r a l  beve l  
gear meshing frequency ( r e f .  3 ) .  I n  a d d i t i o n ,  t h e  h i g h e s t  measured o v e r a l l  
broadband a c c e l e r a t i o n  was about  l o g  r m s  ( o c c u r r i n g  a t  f u l l  speed and l o a d  and 
measured on the  housing near the  r i n g  gear ) .  
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Gear M a t e r i a l s  Technology 
The heavy l o a d  and speed c o n d i t i o n s  o f  h e l i c o p t e r  g e a r i n g  
gear m a t e r i a l s  have h i g h  s t r e n g t h  and improved f a t i g u e  l i f e  a t  
a t u r e s .  The s tandard gear m a t e r i a l  used i n  t h e  U.S.  a i r c r a f t  
i s  A I S I  9310, a h i g h  a l l o y  c o n t e n t  s t e e l .  The s u r f a c e  f a t i g u e  
e t y  o f  proposed m a t e r i a l s  have been eva lua ted  ( r e f s .  4 t o  9, f 
r e s u l t s  f o r  a f e w  o f  t h e  m a t e r i a l s  are as fo l lows. 
r e q u i r e  t h a t  
e l e v a t e d  temper- 
n d u s t r y  today  
l i f e  for a v a r i -  
g .  5). The 
The standard A I S I  9310 gear f a t i g u e  l i f e  was improved 60 p e r c e n t  by sho t  
peening t h e  gear f l a n k s .  Shot peening i nc reased  the  subsur face r e s i d u a l  com- 
p r e s s i v e  s t r e s s ,  r e s u l t i n g  i n  increased s u r f a c e  f a t i g u e  l i f e .  
Three h igh- temperature m a t e r i a l s  w e r e  eva lua ted  f o r  s u r f a c e  l i f e  endur- 
ance a t  heavy t e s t  l o a d  and moderate speed c o n d i t i o n s .  The f i r s t  m a t e r i a l ,  
CBS 600, ma in ta ins  i t s  h o t  hardness to 260 OC (500 O F )  and has a l o n g e r  
f a t i g u e  l i f e  than A I S I  9310. CBS 600 has good f r a c t u r e  toughness and i s  a 
good gear m a t e r i a l  f o r  a i r c r a f t  use. 
The second m a t e r i a l ,  Vasco X-2,  r e t a i n s  i t s  hardness to  316 O C  (600 O F )  
and has a l onger  f a t i g u e  l i f e  than  A I S I  9310 when i t  i s  h e a t  t r e a t e d  under ve ry  
c l o s e l y  c o n t r o l l e d  c o n d i t i o n s .  Because Vasco X-2 has a h i g h  chromium c o n t e n t ,  
i t  i s  v e r y  d i f f i c u l t  to  c a r b u r i z e  and harden, which means t h a t  h i g h  s tandards 
of  q u a l i t y  c o n t r o l  a re  r e q u i r e d  for  a i r c r a f t  a p p l i c a t i o n s .  I t  a l s o  has a mod- 
e s t  f r a c t u r e  toughness and can be sub jec t  to  t o o t h  breakage, p r e c i p i t a t e d  a t  a 
f a t i g u e  spa1 1. 
The t h i r d  m a t e r i a l ,  EX-53, has a much l o n g e r  f a t i g u e  l i f e  - more than  
t w i c e  t h a t  o f  A I S I  9310 - and has very good f r a c t u r e  toughness. However, EX-53 
has a temperature l i m i t  o f  232 O C  (450 O F >  which l i m i t s  i t s  use for  some h igh -  
temperature a p p l i c a t i o n s .  
Gear Thermal Behavior  
Exper imenta l  t e s t i n g  andJtheoret ica1 a n a l y s i s  were conducted to  determine 
optimum methods fo r  gear l u b r i c a t i o n  and c o o l i n g .  High-speed photography (see 
appendix)  was used t o  s tudy  o i l  j e t  impingement depths for into-mesh, o u t - o f -  
mesh, and r a d i a l  o i l  j e t s .  The impingement depths measured from t h e  photo-  
graphs were compared w i t h  a n a l y t i c a l  p r e d i c t i o n s .  The a n a l y s i s  and t e s t s  <how 
t h a t  impingement d e p t h . i s  l i m i t e d  f o r  into-mesh and out-of-mesh l u b r i c a t i o n  
w h i l e  r a d i a l  j e t  l u b r i c a t i o n  w i t h  adequate o i l  j e t  p ressu re  can p r o v i d e  maxi- 
mum c o o l i n g  and l u b r i c a t i o n  f o r  gears ( r e f s .  10 t o  1 3 ) .  A thermal  a n a l y s i s  
was a l s o  performed, and exper imenta l  v e r i f i c a t i o n s  were made which show t h e  
s u p e r i o r  e f f e c t  o f  the  r a d i a l  o i l  j e t  l u b r i c a t i o n  and c o o l i n g .  
Gear Geometry 
H i g h - c o n t a c t - r a t i o  gears were examined as a means t o  improve the  s u r f a c e  
f a t i g u e  l i f e  and power-to-weight r a t i o  o f  t ransmiss ions .  H i g h - c o n t a c t - r a t i o  
(HCR) gears have a t  l e a s t  two p a i r s  of t e e t h  i n  c o n t a c t  a t  a l l  t i m e s ,  whereas 
s tandard-  (low-) c o n t a c t - r a t i o  ( L C R )  gears have between one and two p a i r s  i n  
c o n t a c t .  Because t h e  t r a n s m i t t e d  load i s  shared by a t  l e a s t  two p a i r s  o f  
t e e t h ,  t h e  i n d i v i d u a l  t o o t h  l o a d i n g  i s  l e s s  for HCR than  f o r  LCR designs,  
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t he reby  e n a b l i n g  a h i g h e r  power-to-weight r a t i o .  HCR gears,  however, r e q u i r e  
f i n e r  p i t c h e s  or i nc reased  work ing  depths,  b o t h  o f  which tend  to  i n c r e a s e  t h e  
t o o t h  bending s t r e s s .  I n  a d d i t i o n ,  i t  i s  expected t h a t  HCR gears a r e  s e n s i t i v e  
t o  t o o t h  spacing e r r o r s  and p r o f i l e  m o d i f i c a t i o n s  because of t h e  s imul taneous 
t o o t h  c o n t a c t s .  The b a s i c  problem t o  be r e s o l v e d  was whether t h e  l ower  t o o t h  
loads i n  t h e  HCR des ign more than  o f f s e t  t h e  e f f e c t s  of t h e  weakened t o o t h  
form, e s p e c i a l l y  when r u n  under dynamic l o a d  c o n d i t i o n s .  The i n v e s t i g a t i o n  
r e v e a l e d  t h a t  HCR gear des igns have t w i c e  t h e  f a t i g u e  l i f e  of LCR des igns .  
There fo re ,  HCR gears can s i g n i f i c a n t l y  i n c r e a s e  t h e  l i f e ,  r e l i a b i l i t y ,  and 
power-to-weight r a t i o  for h e l i c o p t e r  t r a n s m i s s i o n s  ( r e f .  1 4 ) .  
The c o n t a c t  between s p i r a l  bevel  gears has been e s p e c i a l l y  d i f f i c u l t  t o  
model because there a re  no equa t ions  t o  r e p r e s e n t  t h e  c o n t a c t  geometry; i t  
must be developed n u m e r i c a l l y  w i t h  a computer, based on t h e  s e t t i n g s  o f  t h e  
machine used t o  manufacture t h e  gears.  The c o n t a c t  geometry i s  e s s e n t i a l  t o  
p r e d i c t i n g  t h e  l i f e ,  l u b r i c a t i o n  e f fec ts ,  and s t r e s s  for  s p i r a l  bevel  gears.  
K inemat i c  e r r o r s  have been i d e n t i f i e d  as a c o n t r i b u t o r  t o  gear mesh v i b r a t i o n .  
K inemat i c  e r r o r s  a re  t h e  t i m e - v a r y i n g  d e v i a t i o n s  from a c o n s t a n t  gear r a t i o  
d u r i n g  gear r o t a t i o n .  
( r e f .  15) ,  b u t  i t  s t i l l  needs t o  be v e r i f i e d  by exper imen ta l  t e s t i n g .  These 
z e r o  k i n e m a t i c a l  error gears have p o t e n t i a l  for  r e d u c i n g  gear n o i s e .  
A method for e l i m i n a t i n g  these errors has been developed 
Computer Codes 
Analyses and/or computer codes have a l s o  been developed for  gears t o  p ro -  
v i d e  t h e  f o l l o w i n g  t ypes  of c a l c u l a t i o n s :  (1)  power l o s s  and e f f i c i e n c y ,  ( 2 )  
bevel  gear c o n t a c t  geometry, ( 3 )  gear dynamic a n a l y s i s ,  ( 4 )  we igh t  min imiza-  
t i o n ,  (5) l i f e  p r e d i c t i o n ,  (6)  l u b r i c a t i o n ,  and (7) temperatures.  Severa l  
examples follow. 
The computer program TELSGE ( r e f .  16) c a l c u l a t e s  dynamic l oads ,  l u b r i c a -  
The f i g u r e  com- 
t i o n  f i l m  th ickness,  s t r e s s ,  and temperature for  spur gears.  F i g u r e  6 shows a 
sample c a l c u l a t i o n  produced by  TELSGE. The dynamic l o a d  i s  caused by  t h e  
i n t e r a c t i o n  o f  t h e  t o o t h  s t i f f n e s s  and t h e  mass o f  t h e  gear .  
pares t h e  c a l c u l a t e d  dynamic l o a d  w i t h  t h e  s t a t i c  l o a d  - t h e  l o a d  f o r  v e r y  
s low gear r o t a t i o n .  
The e p i c y c l i c  gear program GEARDYNMULT ( r e f .  17)  i s  a m u l t i p l e  mesh, ‘sin- 
g l e  stage, gear dynamics program. I t  i s  a v e r s a t i l e  gear t o o t h  dynamic analy-  
s i s  computer program t h a t  determines d e t a i l e d  geometry, dynamic l oads  and 
s t resses ,  and surface damage f a c t o r s .  
b o t h  e p i c y c l i c  and s i n g l e  mesh systems w i t h  spur  and h e l i c a l  gear t e e t h  i n c l u d -  
i n g  i n t e r n a l ,  e x t e r n a l ,  and b u t t r e s s  t o o t h  forms. The program i n c l u d e s  o p t i o n s  
for  f l e x i b l e  c a r r i e r  or  f l e x i b l e  r i n g  gear,  a f l o a t i n g  sun gear ,  a n a t u r a l  f re -  
quencies o p t i o n ,  and a f i n i t e  element compl iance f o r m u l a t i o n  fo r  h e l i c a l  gear 
t e e t h .  
speed, which i s  useful for c r i t i c a l  speed a n a l y s i s .  
The program can analyze a v a r i e t y  of 
The program can a l s o  determine maximum t o o t h  loads as a f u n c t i o n  of 
F i g u r e  7 shows r e s u l t s  for l i f e  a n a l y s i s  o f  a p l a n e t a r y  gear t r a n s m i s s i o n .  
The a n a l y s i s  i s  based on r i g o r o u s  s t a t i s t i c a l  methods and i s  implemented i n  an 
i n t e r a c t i v e  computer program, CHOPR ( r e f .  18). The program can ana lyze  a v a r i -  
e t y  of c o n f i g u r a t i o n s  composed o f  s p i r a l  bevel  gear meshes and p l a n e t a r y  gear 
meshes. S p i r a l  bevel r e d u c t i o n s  may have s i n g l e  or dual  i n p u t  p i n i o n s ,  and 
gear shaf ts  can be s t r a d d l e  mounted or overhung on t h e  suppor t  b e a r i n g s .  The 
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p l a n e t a r y  r e d u c t i o n  has the  sun gear as i n p u t ,  t he  p l a n e t  c a r r i e r  as o u t p u t ,  
and the  r i n g  gear f i x e d .  
number of  p l a n e t s  may va ry .  The program determines t h e  forces on each b e a r i n g  
and gear for  a g i ven  t r a n s m i s s i o n  c o n f i g u r a t i o n  and load ing .  The l i f e  of  each 
bear ing  and gear i s  determined u s i n g  t h e  f a t i g u e  l i f e  model a p p r o p r i a t e  to  
t h a t  component. The t r a n s m i s s i o n  system l i f e  i s  determined from the  component 
l i v e s  u s i n g  Weibu l l  s t a t i s t i c a l  methods. The t r a n s m i s s i o n  l i f e  a t  a g i v e n  
r e l i a b i l i t y  can then be found as shown i n  f i g u r e  7.  
The p l a n e t  gears may be p l a i n  or stepped, and the  
The computer program PLANETSYS ( r e f .  19)  can s imu la te  the  thermomechanical 
performance of a m u l t i s t a g e  p lane ta ry  t r a n s m i s s i o n ,  i n c l u d i n g  s p h e r i c a l  r o l l e r  
bear ings .  SPHERBEAN ( r e f .  20) can make c a l c u l a t i o n s  f o r  o u t e r - r i n g  r o t a t i o n  
and misa l ignment  such as found i n  p l a n e t a r y  t r a n s m i s s i o n  a p p l i c a t i o n s .  
programs a r e  u s e f u l  for h e l i c o p t e r  t ransmiss ion  a p p l i c a t i o n s  where severe per-  
formance demands a re  p laced on bear ings t h a t  r e q u i r e  a n a l y s i s  for  o u t e r - r i n g  
r o t a t i o n ,  for n o n l u b r i c a t e d  opera t i on  ( d r y  f r i c t i o n ) ,  or for  t r a n s i e n t  thermal  
performance. SPHERBEAN and PLANETSYS c a l c u l a t i o n s  were compared to  da ta  from 
p a r a m e t r i c  and l o s s - o f - l u b r i c a n t  t e s t s  fo r  an OH-58 t r a n s m i s s i o n  ( r e f .  21) .  
Us ing bo th  programs, c a l c u l a t i o n s  o f  temperatures a t  t he  o u t p u t  s h a f t  and 
t r a n s m i s s i o n  case agreed w i t h  the data w i t h i n  1 p e r c e n t  for s teady-s ta te  oper-  
a t i n g  c o n d i t i o n s .  C a l c u l a t i o n s  to  s imu la te  the  l o s s  o f  l u b r i c a n t  compared 
w e l l  w i t h  d a t a  from an a c t u a l  l o s s - o f - l u b r i c a n t  t e s t  on an OH-58 t ransmiss ion .  
These 
ADVANCED TRANSMISSION DESIGN CONCEPTS 
Based on the  exper imenta l ,  a n a l y t i c a l ,  and d e s i g n  s t u d i e s  conducted under 
the  t r a n s m i s s i o n  technology program, some advanced t r a n s m i s s i o n  concepts were 
evolved:  The advanced 500-hp t ransmiss ion ,  t h e  b e a r i n g l e s s  p l a n e t a r y  t ransmis-  
s ion ,  and t h e  sp ' l i t - t o rque  t ransmiss ion .  
Advanced 500-hp Transmiss ion I t  
The des ign  emphasis f o r  t he  advanced 500-hp t r a n s m i s s i o n  ( f i g . .  8)  was 
p laced on d e s i g n i n g  a 500-hp v e r s i o n  o f  t he  OH-58C (317-hp t r a n s m i s s i o n )  t h a t  
would have a ' l o n g ,  q u i e t  l i f e  wi th a minimum increase i n  the  c o s t ,  we igh t ,  and 
space < r e f .  22). This  was accomplished by implement jng advanced techno logy  
developed d u r i n g  the  l a s t  decade and making improvements d i c t a t e d  by f i e l d  
exper ience.  - 2  . .  
The-se advanced technology components, concepts,  and improvements, and 
t h e i r  e f f e c t  on the  500-hp t ransmiss ion  a r e  
( 1 )  H i g h - c o n t a c t - r a t i o  p l a n e t a r y  gear t e e t h  reduce the  no ise  l e v e l  and 
inc rease  l i f e .  
(2 )  Improved s p i r a l  bevel  gears made.of vacuum c a r b u r i z e d  gear s t e e l s ,  
sho t  peened for inc reased qear t o o t h  p i t t i n q  f a t i g u e  l i f e  as w e l l  as gear t o o t h  
bending f a t i g u e  s t r e n g t h  and l u b r i c a t e d  w i t h  A e r o i h e l l  555 o i l ,  save we igh t  and 
space and inc rease  t r a n s m i s s i o n  1 i f e .  
( 3 )  Improved bear ings  made o f  c leaner  s t e e l s  and designed w i t h  improved 
a n a l y t i c a l  t o o l s ,  save weight  and space and increase r e l i a b i l i t y .  
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( 4 )  Improved des ign of t h e  p l a n e t  c a r r i e r ,  a two-piece c o n s t r u c t i o n  w i t h  
s t r a d d l e  mounting o f  the  p l a n e t  gears,  improves gear a l i gnmen t  and power 
capac i t y  . 
(5) The cant i lever-mounted p l a n e t a r y  r i n g  gear has no work ing  s p l i n e  t o  
generate wear deb r i s ,  i t  i s o l a t e s  the  meshing t e e t h  from t h e  housing t o  reduce 
no ise ,  and i t  prov ides a f l e x i b l e  mount f o r  a more u n i f o r m  l o a d  d i s t r i b u t i o n  
among t h e  p l a n e t s .  
( 6 )  The sun gear now has an improved s p l i n e  (crown hobbed and hardened) 
r u n n i n g  submerged i n  a b a t h  of f l o w t h r o u g h  o i l  which p reven ts  t h e  s p l i n e  from 
wear i ng . 
( 7 )  The straddle-mounted bevel  gear a l l o w s  h 
w i t h o u t  d e t r i m e n t a l  s h i f t i n g  o f  t h e  t o o t h  c o n t a c t  
I n  summary, t he  improved 500-hp des ign  has a 
0.26 l b / h p  compared t o  0.37 l b / h p  f o r  t h e  317-hp, 
The 
be gener 
sun gear 
The 
a b i  1 i t y  
The SABP 
gher to rque  t o  be transm 
p a t t e r n .  
weight- to-horsepower r a t  
OH-58C t r a n s m i s s i o n .  
B e a r i n g l e s s  P l a n e t a r y  Transmiss ion 
t t e d  
0 o f  
s e l f - a l i g n i n g ,  b e a r i n g l e s s  p l a n e t a r y  (SABP)  t r a n s m i s s i o n  ( f i g .  9 )  can 
c a l l y  c l a s s i f i e d  as a quasi-compound p l a n e t a r y  s y s t e m  t h a t  u t i l i z e s  a 
p l a n e t  s p i n d l e  assembl ies,  r i n g  gears,  and r o l l i n g  r i n g s .  
des ign  study p r o j e c t s  a we igh t  sav ings o f  17 t o  30 p e r c e n t  and a r e l i -  
mprovement f a c t o r  o f  2 : l  ove r  t h e  s tandard t r a n s m i s s i o n  ( r e f .  23).  
t ransmiss ion  i s  most b e n e f i c i a l  between r e d u c t i o n  r a t i o s  o f  16: l  and 
I t  permi ts  h i g h  r e d u c t i o n  i n  two compound stages o f  h i g h  e f f i c i e n c y ,  2 6 : l .  
p r o v i d i n g  s u f f i c i e n t  f l e x i b i l i t y  and s e l f - c e n t e r i n g  t o  g i v e  good l o a d  d i s t r i b u -  
t i o n  between p lane t  p i n i o n s ,  w h i l e  e f f e c t i v e l y  i s o l a t i n g  t h e  p l a n e t a r y  elements 
from housing d e f l e c t i o n s .  
T h i s  new t ransmiss ion  concept o f fers  advantages o v e r  t r a n s m i s s i o n s  t h a t  
use conven t iona l  p l a n e t a r y  gears:  h i g h e r  r e d u c t i o n  r a t i o ,  l i g h t e r  weight ,  
i nc reased  r e l i a b i l i t y ,  and decreased v u l n e r a b i l i t y .  S ince i t  has no p l a n e t  
bea r ings ,  t h e r e  i s  a we igh t  sav ings ,  and power l osses  and b e a r i n g  f a i l u r e s  com- 
monly a s s o c i a t e d  w i t h  conven t iona l -des ign  t ransmiss ions  a re  n o n e x i s t e n t .  
I n  convent ional -des ign t ransmiss ions ,  p l a n e t  bea r ings  a r e  h e a v i l y  loaded 
and a r e  t h e  weak l i n k  when t h e  l u b r i c a n t  i s  i n t e r r u p t e d .  The SABP t r a n s m i s s i o n  
has i nc reased  o p e r a t i n g  t i m e  a f t e r  l o s s  of l u b r i c a n t  s i n c e  t h e r e  a re  no p l a n e t  
bea r ings .  
S p l i t  Torque Transmiss ion 
Advancements i n  t ransmiss ions  can come from e i t h e r  components or improved 
des igns o f  t h e  t ransmiss ion  system. The s p l i t  t o rque  arrangement i s  i n  t h e  
second ca tegory .  F i g u r e  10 shows a s p l i t  t o rque  des ign  which i s  compa t ib le  
w i t h  t h e  B l a c k  Hawk (UH-60A) h e l i c o p t e r .  The fundamental  concept o f  t h e  s p l i t  
t o rque  des ign i s  t h a t  the power from t h e  engine i s  d i v i d e d  i n t o  two p a r a l l e l  
paths p r i o r  to  recombinat ion on a s i n g l e  gear t h a t  d r i v e s  t h e  o u t p u t  s h a f t .  
S tud ies  have shown t h a t  replacement o f  t h e  p l a n e t a r y  gear r e d u c t i o n  s tage w i t h  
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a s p l i t  t o rque  r e s u l t s  i n  weight  savings and inc reased  r e l i a b i l i t y .  There can 
be many p i n i o n s  d r i v i n g  the  o u t p u t  gear, b u t  f o r  the  UH-60A a p p l i c a t i o n  f o u r  
p i n i o n s  gave the  optimum des ign .  The b a s i s  was l e a s t  o v e r a l l  we igh t ,  reduced 
power losses,  comparable t o t a l  p a r t s  count  compared w i t h  t h e  e x i s t i n g  UH-60 
des ign ,  and l e a s t  number (one) of nonredundant gears.  The advantage o f  s p l i t  
t o rque  t ransmiss ions  over  p l a n e t a r y  t ransmiss ions  i s  g r e a t e s t  f o r  t h e  l a r g e r  
s i z e d  h e l i c o p t e r s .  
The eng ineer ing  a n a l y s i s  ( r e f .  24) showed t h a t  t h e  f o l l o w i n g  performance 
b e n e f i t s  can be achieved for a 3600-hp s p l i t  t o rque  t r a n s m i s s i o n  compared t o  
t h e  conven t iona l  t ransmiss ion  w i t h  a p l a n e t a r y  gear s tage:  
( 1 )  Weight i s  reduced 15 percent .  
( 2 )  D r i v e - t r a i n  power l o s s e s  are reduced by 9 p e r c e n t .  
( 3 )  R e l i a b i l i t y  i s  improved and v u l n e r a b i l i t y  i s  reduced because o f  redun- 
dan t  power pa ths .  
( 4 )  The number of no i se  genera t i on  p o i n t s  (gear  meshes) i s  reduced. 
CONCLUDING REMARKS 
The purpose o f  t h i s  r e p o r t  has been t o  r e v i e w  the  most s i g n i f i c a n t  deve l -  
opments i n  gear and t r a n s m i s s i o n  technology r e s u l t i n g  from t h e  NASAIArmy  Trans- 
m i s s i o n  Research Program o f  t h e  l a s t  two decades. The c r i t i c a l  i ssues  t h a t  
w e r e  i d e n t i f i e d  a re  ( 1 )  t o  ach ieve  s i g n i f i c a n t  advances i n  power-to-weight 
r a t i o ,  ( 2 )  t o  i nc rease  r e l i a b i l i t y ,  and ( 3 )  t o  reduce t r a n s m i s s i o n  n o i s e .  New 
t e c h n o l o g i e s  and designs t o  achieve these goa ls  have been i n v e s t i g a t e d .  The 
advanced 500-hp t ransmiss ion  has an increased power-to-weight r a t i o  u s i n g  
advanced des ign techniques,  component improvements, and advanced m a t e r i a l s .  
The s p l i t  t o rque  concept o f fe rs  s i g n i f i c a n t  we igh t  savings for l a r g e  h e l i c o p -  
t e r s .  The b e a r i n g l e s s  p l a n e t a r y  t ransmiss ion  w i t h  h e l i c a l  gears o f f e r s  advan- 
tages i n  r e l i a b i l i t y  and reduced noise.  I n  a d d i t i o n ,  an aggress i ve  program t o  
develop computer a ided  des ign codes for  gears and t ransmiss ions  i s  r e q u i r e d  to  
r e p l a c e  e m p i r i c a l  methods w i t h  v a l i d a t e d  computer codes. 
I t  i s  reasonable t o  expect  t h a t  h e l i c o p t e r s  w i l l  c o n t i n u e  to  evo lve  i n  t h e  
f u t u r e .  
d r i v e - t r a i n  technology must keep pace w i t h  advances i n  engines, s t r u c t u r e s ,  and 
r o t o r s  . 
To achieve the  necessary advances i n  r o t a r y  wing f l i g h t  c a p a b i l i t y ,  
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APPENDIX  - TEST STANDS 
S i x  t e s t  stands a re  a c t i v e  for h e l i c o p t e r  t r a n s m i s s i o n  t e s t i n g .  The r i g s  
p r o v i d e  a n a l y t i c a l  code v e r i f i c a t i o n  and a b a s e l i n e  from which t o  assess t h e  
promised advantages o f  f u t u r e  des igns and concepts.  
3000-hp H e l i c o p t e r  Transmiss ion T e s t  Stand 
The t e s t  stand ( f i g .  1 1 )  operates on a t o r q u e - r e g e n e r a t i v e  ( fou r -square )  
Power t o  the  t e s t  
p r i n c i p l e ,  where mechanical power i s  r e c i r c u l a t e d  th rough  a c losed  loop  o f  
gears and sha f t i ng ,  one o f  which i s  t h e  t e s t  t r a n s m i s s i o n .  
t r a n s m i s s i o n  flows th rough  two i n p u t s  ( s i m u l a t i n g  two engines)  and two o u t p u t s  
(main ro tor  and t a i l  d r i v e ) .  Power i s  p r o v i d e d  by a cons tan t  speed 600-kW 
(800-hp) i n d u c t i o n  motor, and speed i s  c o n t r o l l e d  by  an eddy c u r r e n t  c l u t c h .  
Torque i s  induced independen t l y  i n  each loop  by p l a n e t a r y  t o r q u e  u n i t s .  The 
s tand i s  a l s o  capable o f  a p p l y i n g  l i f t ,  moment, and d rag  loads on t h e  t ransmis -  
s i o n  o u t p u t  s h a f t .  
500-hp H e l i c o p t e r  Transmiss ion Tes t  Stand 
The t e s t  stand ( f i g .  12) ope ra tes  on a to rque- regenera t i ve  p r i n c i p l e .  A 
149-kW (200-hp) var iab le-speed motor powers t h e  t e s t  s tand and c o n t r o l s  t h e  
speed. 
r e c i r c u l a t e d  around the  l oop .  An 11-kW (15-hp) motor p r o v i d e s  the  to rque  i n  
t h e  c losed  loop .  This  motor d r i v e s  a magnet ic p a r t i c l e  c l u t c h  t h a t  e x e r t s  a 
t o r q u e  th rough  a speed reducer  gearbox and c h a i n  d r i v e  t o  a l a r g e  sp rocke t  on 
t h e  d i f f e r e n t i a l  gearbox. The magnitude o f  t h e  to rque  n t h e  l oop  i s  a d j u s t e d  
by changing t h e  e l e c t r i c  f i e l d  s t r e n g t h  o f  t h e  magnet ic p a r t i c l e  c l u t c h .  The 
f a c i l i t y  i s  equipped w i t h  to rque ,  speed, temperature,  o 1 f low, and o i l  pres-  
sure sensors for  h e a l t h  and c o n d i t i o n  m o n i t o r i n g .  
Only  losses due to  f r i c t i o n  a r e  r e p l e n i s h e d  by t h e  motor s ince  power i s  
Spur Gear T e s t  R i g  
There a re  f o u r  g e a r - f a t i g u e  r i g s  a t  NASA Lewis.  The spur gear f a t i g u e  
t e s t  apparatus ( f i g .  13) ope ra tes  on a four-square p r i n c i p l e .  One s lave  gear 
i s  equipped w i t h  l o a d i n g  vanes, and o i l  p ressu re  on t h e  vanes produces a 
t o r q u e  on t h e  s l a v e  gear s h a f t .  The to rque  i s  t r a n s m i t t e d  th rough  t h e  t e s t  
gears and back t o  t h e  s lave  gears.  The to rque  on t h e  t e s t  gears,  which 
depends on t h e  h y d r a u l i c  p ressu re  a p p l i e d  t o  t h e  l o a d  vanes, loads t h e  gear 
t e e t h  t o  t h e  des i red  s t r e s s  l e v e l .  A constant-speed motor i s  connected by  a 
b e l t  t o  t h e  d r i v e  s h a f t ,  and v a r i o u s  r i g  speeds a r e  a v a i l a b l e  by changing p u l -  
l e y s .  The s tandard t e s t  
gear i s  a 28-tooth spur gear w i t h  a p i t c h  d iameter  o f  8.89 cm (3.50 i n . )  and a 
d i a m e t r a l  p i t c h  o f  8 .  
The r i g  i s  capable of 75 kW (100 hp) a t  10 000 rpm. 
L u b r i c a n t  o i l  j e t  t e s t s  were performed i n  t h e  spur gear f a t i g u e  t e s t  appa- 
r a t u s  ( f i g .  14). A s p e c i a l l y  designed t e s t  gear cover  was made f o r  v i e w i n g  t h e  
t e s t  gears and photographing t h e  l u b r i c a t i o n  phenomenon. 
camera was used t o  photograph t h e  o i l  j e t .  A h igh-speed a i r - c o o l e d  s t robo -  
scop ic  s y s t e m  was used t o  p r o v i d e  f l a s h  tube l i g h t i n g  t h a t  was synchronized 
w i t h  t h e  high-speed camera. The camera speed was s e t  a t  one frame pe r  each 
t o o t h  space movement. 
A high-speed movie 
A w h i t e  pigment was added t o  t h e  gear l u b r i c a n t ,  and a 
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1000-W xenon lamp was used to  i l l u m i n a t e  t h e  l u b r i c a n t .  The e x p e r i m e n t a l l y  
measured o i l  impingement depths were  used to  v e r i f y  a n a l y t i c a l  p r e d i c t i o n s .  
Bevel Gear Tes t  R i g  
The bevel  gear r i g  ( n o t  shown) i s  s i m i l a r  to  t h e  spur gear r i g ,  b u t  i t  i s  
a p p l i e d  t o  s p i r a l  bevel  gears.  A t o rque - regenera t i ve  p r i n c i p l e  i s  used, and 
to rque  i s  a p p l i e d  by a h y d r a u l i c  l oad ing  d e v i c e .  The r i g  was des igned f o r  
c a p a b i l i t i e s  up t o  559 kW (750 hp) a t  a p i n i o n  gear speed o f  15 000 rpm. The 
bevel  gear apparatus t e s t  gears have a 35" s p i r a l  ang le ,  a 2.54 cm ( 1  i n . )  
f a c e  w id th ,  a 90" sha f t  angle,  and a 22.5" p ressu re  ang le .  The p i n o n  has 12 
t e e t h ,  and t h e  gear has 36 t e e t h .  The r i g  i s  used for f a t i g u e  t e s t i n g ,  n o i s e  
and v i b r a t i o n  t e s t i n g ,  and l u b r i c a t i o n  s t u d i e s .  
High-speed Gear Test  Stand 
The high-speed gear t e s t  s tand i s  used t o  s tudy  l u b r i c a t i o n  techn iques ,  
no i se ,  and v i b r a t i o n  a t  v e r y  h i g h  spur gear p i t c h  l l n e  v e l o c i t i e s .  The t e s t  
s tand  ( f i g .  15) has a power c a p a c i t y  of 2234 kW (3000 hp> w i th  a p i t c h  l i n e  
v e l o c i t y  of  152 m/sec (30  000 f t / m i n > .  The p i n i o n  t e s t  gear h a s ' a  27.94-cm 
(11 - in . )  p i t c h  d iameter ,  a 4-diametral  p i t c h ,  and a 25" p ressu re  ang le .  The 
p i n i o n  meshes w i t h  a 33.02-cm (13- in . )  p i t c h  d iamete r  gear .  
P l a n e t a r y  Gear Tes t  R i g  
The p l a n e t a r y  gear t e s t  r i g  i s  used t o  s tudy  performance c h a r a c t e r i s t i c s  
of  p l a n e t a r y  gear assembl ies.  
two OH-58 p l a n e t a r y  systems a r e  mounted back-to-back w i t h  a d r i v e  motor  on one' 
end and a r o t a t i n g  to rque  a c t u a t o r  on t h e  o t h e r  end ( f i g .  16).  The t o r q u e  
a c t u a t o r  loads the  t e s t  p l a n e t a r y  gear s e c t i o n  w i t h  r e s p e c t  t o  t h e  s l a v e  p lan -  
e t a r y  gear s e c t i o n .  
power t o  overcome f r i c t i o n  l osses .  The r i g  i s  capable of 373 kW (500 hp) a t  
1620 rpm sun gear speed. 
The r i g  uses a r e g e n e r a t i n g  t o r q u e  l oop  where 
The d r i v e  motor p r o v i d e s  t h e  speed and a l s o  s u p p l i e s  t h e  . 
The t e s t  and s lave  p l a n e t a r y  systems have separate l u b r i c a t i o n  systems. 
,Each system i s  comprised o f  14 o i l  j e t s  for l u b r i c a t i o n  of d i f f e r e n t  areas o f  
t h e  p l a n e t a r y .  The o i l  flow through each j e t  can be i n d i v i d u a l l y  c o n t r o l l e d .  
T h i s  makes p o s s i b l e  an e x t e n s i v e  study of t h e  e f f e c t  o f  l u b r i c a t i o n  on p lan -  
e t a r y  gear performance. 
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